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Objective Polymorphonuclear leukocytes (PMN) play a central role in the elimination ofmost
extracellular pathogens, and an impairment of their functions predisposes an individual towards local and
systemic bacterial and fungal infections. Herewe describe a rapid and easy-to-perform cyto£uorometric
assay for investigation of PMNactivity usingCandida albicans and Staphylococcus aureus as target organisms.
Methods Phagocytes were stainedwith anti-CD13-RPE antibody, andmicroorganismswere stainedwith
calcein-AM.Oxidative burst productionwas measured byoxidation of dihydroethidium.The percentage of
killed target organisms after ingestionwas determined by stainingwith ethidium-homodimer-1after lysis
of human cells.The dyes and procedures used in this methodwere chosen after comparison of di¡erent
stains and cell preparation techniques described in previous assays.
Results Concerning phagocytosis, the percentages of active phagocytes and of ingestedmicroorganisms
were determined. Furthermore, the method allowedmeasurement of the resulting percentage of PMNs
producing respiratory burst, and of the percentage of killedmicroorganisms.Weminimized artifactual
changes, whichmight have been the reason for the di¤culties and con£icting results of other
cyto£uorometric methods.
Conclusions The describedmethod provides a newwhole blood cyto£uorometric assay, which combines
rapid and simple handlingwith high reproducibility of results obtained by investigation of PMNactivity
usingCandida albicans and Staphylococcus aureus as target organisms.
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I N T R O D U C T I O N
Phagocytes play an essential role as a ¢rst line of defense in
the human host.They strike against foreignmatter, in particu-
lar bacteria, viruses or fungi which invade the human body. A
variety of complex mechanisms helps the phagocyte to
achieve the elimination of microorganisms [1,2]. Basically,
phagocytes ingest target cells by phagocytosis followed by the
development of toxic oxygen substances, such as hydrogen
peroxide or hydrohalites; this is known as the oxidative burst,
and leads, together with other toxic products, to the destruc-
tion of the microorganismsöreferred to as killing. Impair-
ment of these processes predisposes an individual towards
local and systemic infections [3].Various £ow cytometric test
methods have been developed to determine the phagocyte
activity [1,2,4,5^7], but they all have restrictions and di¡er
widely in their results. These di¡erences arise mainly from
non-uniform sample preparation and the interpretation of
£ow cytometric histograms. There are variations, such as the
types of phagocytes used (monocytes, polymorphonuclear
leukocytes or macrophages of blood, bronchial lavage, tissue,
etc., of human or animal origin), di¡erent anticoagulants, and
the amount and sort of stimulating agent (e.g. latex particles,
living or dead Gram-positive or Gram-negative bacteria or
fungi). The heterogeneity is obvious, and in many cases the
investigated cells are not treated in a particularly gentle man-
ner during the required separation procedures. Furthermore, a
comparison of phagocytosis, oxidative burst and killing func-
tions by a simultaneous method is still lacking, despite the
need for this in the therapeutic surveillance of several diseases.
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We describe a new whole blood cyto£uorometric method,
which combines rapid and simple handling with high repro-
ducibility of results.The assay allows measurement of the per-
centage of phagocytosing PMNs, the percentage of ingested
microorganisms (either Candida albicans or Staphylococcus aur-
eus), the percentage of PMNswith burst production after pha-
gocytosis, and the resulting percentage of killed target
organisms, enabling investigation of di¡erent phagocyte
functions. Analysis of all parameters can be performed using a
blood sample of150 mL and can be completedwithin 2 h.
M A T E R I A L S A N D M E T H O D S
Materials
CD13-RPE antibody was obtained from Coulter, Krefeld,
Germany. Dihydroethidium (DHE), N-ethyl-maleinacida-
mide (NEM), phosphate-bu¡ered-saline (PBS), Tween-20,
Triton X-100, azure A and RPMI-1640 were purchased from
Sigma, St Louis, MO, USA. Calcein-AM and ethidium-
homodimer-1 (EthD-1) were obtained from Molecular
Probes, Eugene, Oregon, USA, and tryptic soy brothwas pur-
chased from Difco laboratories, Detroit, Michigan, USA. All
other reagents were on the best grade commercially available
andwere usedwithout further puri¢cation.
Microorganisms
Culture of C. albicans (DSM 1386) as well as of S. aureus
(ATCC 25923) was performed in tryptic soy broth. For £uor-
escence labeling, the broth was centrifuged at 500g for 3min,
and the pellet was resuspended in 1mL of PBS with 5 mL of
calcein-AM and incubated for 50min at 37 C in a thermo-
mixer (Eppendorf-Nehler-Hinz GmbH, Germany) at 1100
rev/min. In previous experiments, calcein-AM had proved to
be most suitable after comparison with di¡erent dyes (for
explicit data see Husfel [8]).The stained microorganisms were
washed three times in 1mL of PBS, resuspended in RPMI
supplemented with 0.4% glucose, and stored in a refrigerator.
The amount of C. albicans per mL in RPMI was determined
with Neubauer's counting chamber and the count of staphylo-
cocciwas obtained by using a spectrophotometer: 7107 bac-
teria/mL gave a photometric extinction of 0.100 at 350 nm in
1-cm cuvettes.
Determination of PMNs
Blood was drawn from healthy volunteers with an age range
of 20^40 years and anticoagulated with 5 IE of heparin per 1
mL of blood. The number of PMNs per mL of blood was
determinedwithNeubauer's counting chamber.
Cell labeling and activation
In the ¢rst step, the blood was incubated with DHE (20 mL of
PBS containing 0.5 mg of DHE per 1mL of blood) for 10min
at 37 C in a shaking water bath, allowing the still colorless
dye to di¡use inside the PMNs. In the presence of oxidative
substances released later in the burst reaction, the dye is oxi-
dized, becomes red £uorescent and can be detected by the £ow
cytometer.To achieve previously established optimal ratios of
1: 1 between PMNs and C. albicans and 1: 50 between PMNs
and S. aureus, respectively, the RPMI solutions containing the
microorganisms were diluted with PBS and mixed carefully.
According to the chosen kinetics for incubation (0, 2, 4, 6, 8,
10, 15, 20 and 25min for phagocytosis and burst production,
and an additional 40 and 60min for killing), polypropylene
tubes were prepared with 50 mL of RPMI supplemented with
0.4% glucose and stored on ice. Microorganisms and blood
were mixed, aliquots of 100 mL were quickly dispensed into
the test tubes, and incubation was started at 37 C for C. albi-
cans. When staphylococci were used as target organisms, the
incubation temperature had to be reduced to 30 C, since at 37
C the immune reaction proved to be too fast to allow us to
obtain optimal kinetics.
After comparison of di¡erent £uorescence stains in previous
experiments (see Husfeld [8] for explicit data), the chosen
DHE formeasurement of oxidative burst activity, CD13-RPE
antibody for marking the phagocytes and EthD-1 for detec-
tion of dead microorganisms appeared to be most suitable and
were used further in the described concentrations.
Procedure for phagocytosis and oxidative burst activity
At appropriate times, the reaction was stopped by addition of
200 mL of ice-cold NEM (the tube for 0min had been imme-
diately mixed with 200 mL of NEM and was left on ice). The
tubes were then centrifuged together at 4 C at 250g for 5min.
To stain the PMNswith orange £uorescence, the pellet of each
tube was resuspended with 100 mL of PBS containing 0.80 mL
of CD13-RPE antibody and incubated at room temperature
for 20min. Then 1000 mL of lysing bu¡er for erythrocytes
(containing 8.27mg of ammonium chloride, 1mg of potas-
sium hydrogencarbonate and 0.04mg of sodium-EDTA) as
described in previous investigations [9,10] was added to each
tube and incubated at room temperature for 10min. After-
wards the cells were stored on ice and measured with a maxi-
mum delay of 2 h. Stable £ow cytometric results were
obtained during this time.
Procedure for killing
After incubation, the test tubes were placed on ice to stop the
reaction, mixed immediately with 300 mL of lysing bu¡er for
human cells (consisting of 1.2 mL of Triton X-100 and 1.2 mL
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of Tween-20 in distilled water) and incubated at 37 C for 25
min in the thermomixer at 1100 rev/min.The tubes were then
centrifuged at 4 C at 800 g for 5min. The pellets were each
mixed thoroughly with 400 mL of EthD-1-solution (2 mM),
incubated for 10min at room temperature and, after addition
of 700 mL of PBS, stored on ice. Stable £ow cytometric results
were obtainedwithin a period of 2 h. During the set-up of our
method, the use of Triton X-100 and Tween-20 had been
compared to other lysing procedures, such as distilled water,
gelatine, sodium deoxycholate, lysolecithin, digitonin and
ultrasonics, and had proved to be the most suitable. Further-
more, we had conducted an investigation to determine possi-
ble binding of EthD-1 to fragments of incompletely lysed
human cells. Assays in which yeasts and bacteria were used,
respectively, were compared with assays using the usual mix-
ture of blood and microorganisms. After addition of the
appropriate amount of lysing solution and incubation for 30
min at 37 C and 1100 rev/min in the thermomixer, the
described staining with EthD-1 had been performed and no
signi¢cant di¡erence in the number of detectable dead cells
was found. Therefore, perturbation of the measurement of
dead cells by DNA-containing fragments seemed unlikely.
However, incubation with EthD-1 at higher temperatures
(e.g. 37 C instead of 20 C) or for longer than 60min resulted
in an increased number of living cells stained with EthD-1, so
these conditions had to be avoided.To exclude a possible in£u-
ence of the detergent treatment on the microorganisms, the
test procedure for killing had also been performed with both
microorganisms in plasma without phagocytes. After com-
parison of the percentage of dead microorganisms with and
without detergent treatment, no signi¢cant di¡erence had
been found after staining with EthD-1.These ¢ndings seemed
to exclude a signi¢cant in£uence of the detergents. Appar-
ently, the lysing solutionwas a¡ecting only human cells [8].To
con¢rm the cyto£uorometric determination of the percentage
of killed microorganisms, phagocytes together with microor-
ganisms were incubated in parallel with samples for the cyto-
£uorometric assay; the phagocytes were then lysed and the
microorganismswere investigated by £uorescence microscopy
after staining with acridine orange. Similar results were
obtainedwith bothmethods [8].
Flow cytometry
A Pro¢le II with powerpack (Coulter Electronics, Miami,
Florida, USA) with a 5-W argon ion laser operating at 350
mWand tuned to a 488-nm exciting wavelength was used. A
minimum of 5000 phagocytes was measured per sample.
Fluorescence and side scatter parameters were collected by
logarithmic ampli¢cation after setting the threshold on linear
forward scatter to avoid debris. Green £uorescence from cal-
cein was collected through a band-pass ¢lter of 525 nm,
CD13-RPEwas analyzed by a band-pass ¢lter of 575 nm, and
ethidium (E) and Eth-D1were detectedwith a band-pass ¢lter
of 635 nm. Data were displayed as single-parameter histo-
grams or two-parameter plot analysis and acquired by using
an instrument status with a linear data mode for the forward
scatter (FS) and a logarithmic data mode for the sideward scat-
ter (LSS), the green £uorescence 1 (LFL1), the orange £uores-
cence 2 (LFL2) and the red £uorescence 3 (LFL3).
Measurement of phagocytosis and burst production was per-
formed with the same reaction tube, and determination of
killing with a separate one.
R E S U L T S
Phagocytosis
Figure1 shows an example of the £ow cytometric analysis. In
the upper right quadrant of dot plot A (LFL2 versus LSS), the
PMNs are selected in a bitmap, while the target organisms
appear in the lower left. As soon as the phagocytosis starts, an
increasing number of PMNs take up one ormore microorgan-
isms, generating additional signals in FL1. In histogram B
(count versus LFL1), the percentage of phagocytosing PMNs
is detected at each time point. The green £uorescing target
organisms are selected in dot plot C (LFL1versus LSS), while
in histogram D (count versus LFL2) the percentage of these
cells with an additional orange £uorescence obtained after
ingestion is detected.Thus, for each time point, the percentage
of PMNs which have phagocytosed (histogram B) and the
percentage of ingested microorganisms (histogram D) were
automatically determined in selected gates represented by the
markers 1^4. After 25min of incubation, the percentage of
phagocytosing PMNs from 25 healthy individuals reached a
mean of 46.4%þ 4.3% (SD) when investigating with yeasts
and 85.3%þ 5.6% when using bacteria. The investigation of
ingested microorganisms resulted in percentages of 79.9%þ
4.9% forCandida and 91.4%þ 3.2% forStaphylococcus.
Oxidative burst
An example of the analysis is shown in Figure 2. In dot plot
A (LFL1versus FS), microorganisms are selected. After phago-
cytosis, the compounds released during the oxidative bursts
subsequently convert the colorless precursor DHE in the pha-
gocytes into the £uorescent ethidium (E), which can be regis-
tered by the FL3 detector. In histogramB (count versus LFL3),
the percentage of the cells in the bitmapwith an additional red
£uorescence (oxidized dye) is detected. The selection of the
target cells in dot plot A ensures that only PMNs which have
phagocytosed microorganisms are tested for their oxidative
burst activity. The measured events with signi¢cant £uores-
cence 3 signal represent the activated PMNs. Therefore, for
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each incubation time point, the percentage of PMNs display-
ing oxidative burst activity after phagocytosis of target organ-
isms is automatically determined in selected gates represented
by themarkers 1^4.
By investigation of the same 25 healthy donors at the end
of the incubation period (25min), a mean of active PMNs of
79.3%þ 4.0% (SD) after phagocytosis of yeasts and 57.7%þ
4.3%when using bacteriawas obtained.
Killing
The analysis of killing is performed using the dye EthD-1, a
high-a¤nity red DNA stain detectable in FL3, which cannot
pass intact membranes and thus is used to mark the dead
microorganisms after lysis of the surrounding phagocytes,
while the calcein-AM slowly di¡uses out. In a ¢rst dot plot
(LFL3 versus LFL1) at the beginning only living microorgan-
isms positive in FL1 are present in the samples. Upon incuba-
tion, the cells wander from FL1via FL1/FL3 to FL3. This dot
plot can be used to control the optimal adjustments of the £ow
cytometer. In a second dot plot (LSS versus FS), the popula-
tion of microorganisms is detected and selected in a bitmap.
Furthermore, the completeness of the lysis of human cells
can be controlled. In a histogram (count versus LFL3), the
Figure 1 Analysis of phagocytosis; the four top diagrams represent the results at the beginning and the bottom panels show the
results after incubation. In dot plot A the PMNs are selected in a bitmap; in histogram B the percentage of the previously selected
cells with an additional green ¯uorescence (phagocytosing PMNs) along the kinetics is detected. The target organisms are selected
in a bitmap in dot plot C; in histogram D the percentage of these cells with additional orange ¯uorescence (ingested microorgan-
isms) is detected.
Figure 2 Analysis of the oxidative burst; the top panels repre-
sent the results at the beginning, and the bottom panels show
the results after incubation. In dot plot A, the microorganisms
are selected in a bitmap. Oxidative compounds create the
¯uorescent ethidium bromide, which is scored in histogram B.
The measured events represent the PMNs displaying an oxida-
tive burst after phagocytosis.
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percentage of dead microorganisms stained with EthD-1 in
the population selected in the bitmap in the second dot plot is
automaticallydetermined.
From investigation of 25 healthy individuals, the percen-
tage of dead microorganisms reached a mean of 61.4%þ
10.6% (SD) for C. albicans and a mean of 79.3%þ 7.2% for S.
aureus after 60min of incubation.
Examples of the results from the investigation of PMN pha-
gocytosis, oxidative burst and killing for one donor are shown
in Figure 3A using C. albicans and in Figure 3B using S. aureus.
The results obtained by investigation of bacteria and yeasts
showed a quicker increase and a nearly two-fold higher ¢nal
percentage of phagocytosing PMNs when using staphylo-
cocci, despite the lower incubation temperature. Also, the per-
centage of ingested microorganisms showed a much quicker
increase for bacteria with similar ¢nal results. The investiga-
tion of the percentage of dead microorganisms showed a
quicker increase and slightly higher ¢nal results for staphylo-
cocci. The measurement of the percentage of PMNs display-
ing an oxidative burst after phagocytosis, however, showed a
quicker increase and much higher ¢nal results when using
yeasts.
D I S C U S S I O N
In recent years increasing interest has been shown in the eva-
luation of PMN functions, andmany investigators have devel-
oped £ow cytometric approaches to assay their activation.
However, there are still surprisingly con£icting results regard-
ing neutrophil phagocytosis and oxidative burst activity.We
describe a simple and rapid assay, which reduced handling dif-
¢culties, allowed measurement at multiple time intervals of
incubation and minimized artefactual changes. The assay was
designed to investigate the phagocytosis of C. albicans and S.
aureus, the resulting percentage of PMNs producing respira-
tory burst and the percentage of killedmicroorganisms.
Many of the procedures used for isolation of PMNs for ana-
lysis [5^7, 11] themselves cause artefactual changes such as
altered expression of surface antigens [12], morphologic
changes [13], aggregation and activation of PMNs [10] and
reduction of the oxidative burst, chemotaxis and increased
release of lysosomal enzymes [14].The use of whole blood for
investigation reduced these e¡ects.
Anticoagulation was performed using 5 IE of sodium-
heparin/mL blood. EDTA, citrate as used by Model et al [2],
and oxalate form complexes with calcium ions and therefore
impair PMN functions [15]. Fluoride inhibits enzymes
involved in oxidative metabolism [15], and higher concentra-
tions of heparin reduce phagocytosis and the respiratory burst
[16].
For the provision of a su¤cient nutrient supply to the cells
during incubation, a percentage of 0.4% glucose in the RPMI
solution proved necessary.The yeasts seemed to be particularly
sensitive to stressful conditions and tended to develop pseudo-
hyphae [17], which is why some investigators added 0.5 mg of
amphotericin B per mL to the samples. This addition led, in
Figure 3 The kinetics of phagocytosis, burst production and killing using (A) Candida albicans and (B) Staphylococcus aureus; per-
centages of phagocytosing PMNs, ingested microorganisms, oxidative burst-producing PMNs and dead microorganisms. Data of
one of 25 experiments with similar results are shown.
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our investigations, to an approximately 10% higher percen-
tage of dead yeasts (data not shown), corresponding to the
¢ndings of Schaumann and Shah [18]. Contrary ¢ndings,
however, are reported by Martin and Bhakdi [11] and Nugent
and Couchot [19], who excluded an e¡ect of low concentra-
tions of amphotericin B. In any case, our results indicate that,
microscopically, there is no development of pseudohyphae
after addition of 0.4% glucose.
For the staining of living bacteria and yeasts we used cal-
cein-AM, which appeared to be most suitable after compari-
son of di¡erent dyes for microorganisms. Previously used
£uorescence stains such as FITC [1^4,6,20] and BCECF-AM
[5^11] showed a high sensitivity for pH changes, which occur
in the phagolysosomes and cause a change in the emitted
wavelength of light. Others, such as Texas Red [21], showed
toxic e¡ects on the microorganisms (data not shown). Addi-
tionally, calcein-AM stains only the cytoplasm of living cells,
causes no damage to the cell membrane and has a high £uores-
cence and di¡usion rate.
Our investigations con¢rmed the results of Perticarari et al
[1] that no preopsonization of microorganisms was necessary,
since the incubation time within whole blood during the test
ensures su¤cient opsonization of target cells for phagocytosis
in a physiologic environment.
The staining of phagocytes was performed using a CD13
antibody linked to R-phycoerythrine (RPE), which is selec-
tive for granulocytes and monocytes. In contrast to other stu-
dies, we marked the phagocytes after the incubation with the
microorganisms, because the staining of PMNs involves
washing and centrifugation procedures, which a¡ect the pha-
gocytes [12^14]. Furthermore, the linking of antibodies to
PMNs might itself cause an alteration of their functions.
Fluorescence microscopic investigations with the chosen con-
centration of antibodies showed no antibody-capping, which
is probably due to the low concentration of antibodies used
and the presence of human plasma in the samples. Therefore,
there was no necessity to remove surplus antibodies or to add
bovine serum albumin.
The determination of the percentage of ingested microor-
ganisms gives important additional information about the
e¤ciency of PMNs. This applies even more for bacteria than
for yeasts, because each phagocyte can ingest widely di¡ering
numbers of staphylococci during the incubation. To facilitate
this measurement, it was necessary to omit the quenching
procedure usually performed in cyto£uorometric experi-
ments.
Fluorescence microscopic investigations showed that, after
incubation, an average of 6% of the phagocytes had microor-
ganisms attached to their surface.We centrifuged samples after
incubation with yeasts, as well as with bacteria at di¡erent
accelerations (60^300g). The pellets were resuspended in PBS
and again investigated microscopically. After centrifugation at
at least 200g and storage of the samples on ice (which sup-
presses the mobility of cells) for 45min, no attached microor-
ganisms were detectable [8]. Centrifugation at 250g is
performed in any case in the course of the PMN antibody
staining. Accordingly, no quenching procedure seemed neces-
sary.We could nevertheless demonstrate that the £uorescence
of calcein-AM could be suppressed by using 2mg of azure A
in PBS per sample for quenching after the incubation.
For the determination of the oxidative burst activity a simi-
lar principle is used in nearly all previously described assays:
during the oxidative burst, a colorless dye is oxidized and is
then detectable by the £ow cytometer [1^4,9]. Dihydrorhoda-
mine123 (DHR), used byRothe andValet [7],Vowells et al [3]
and Hirt et al [4], is a very sensitive intracellular dye, which,
however, emits a green £uorescence and therefore interferes
with the detection of the microorganisms in our assay. As it
was an important aim to measure all parameters in one assay, a
di¡erent dye had to be found. Model et al [2] used 4-carboxy-
dihydrotetramethylrosamine succinimidyl ester (RS-SE) in a
method for measuring only the oxidative burst. RS-SE
showed the lowest non-speci¢c oxidation and very sensitive
detection of the PMN oxidative burst compared with DHR,
DHE and dihydrotetramethylrosamine (RS) [8]. However,
due to its labeling of the plasma membrane and a consequent
possible in£uence on PMN function, it could not be used.
DHE was used by Perticarari et al [1] and its £uorescence is
detectable in both the orange and red channels. Perticarari et al
detected its £uorescence in FL2, which would interfere with
the emission of the RPE dye of the phagocytes. In our
method, therefore, the £uorescence was detected in FL3.We
used a concentration 150 times lower than that of Rothe and
Valet [7], which may account for the fact that, in contrast to
their ¢ndings, no non-speci¢c oxidation of DHE was
observed [8].
For the determination of the percentage of dead microor-
ganisms, it was necessary to lyse the phagocytes. In the recent
literature di¡erent techniques are described, but most have
proved to have major or minor disadvantages [8]. Use of dis-
tilled water [22,23] led to complete lysis of granulocytes,
while the monocytes were not a¡ected. Gelatine [24], sodium
deoxycholate (DOC) [25], lysolecithin [26] and digitonin [27]
resulted in satisfactory lysis of phagocytes, but the concentra-
tions required caused severe damage to the microorganisms.
Especially for DOC, the ¢ndings stand in contrast to the
results of Martin and Bhakdi [5], who did not, however, use
counterstaining with a dye, especially for detection of dead
microorganisms. The use of ultrasonics [28] gave satisfactory
results but was too time-consuming for routine measurement.
With the chosen combination of Triton X-100 andTween-20,
we obtained results corresponding in quality to those of ultra-
sonic treatment, with a minimum of handling di¤culties and
time consumption.
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Martin and Bhakdi [11] determined the percentage of dead
target cells by measuring the decrease in calcein-AM-£uores-
cence compared to living microorganisms. Our own experi-
ments, however, showed that the kinetics of the killing were
faster than the di¡usion of the dye out of the damaged micro-
organisms. It was not possible to use propidium iodide [29],
because this dye stained even living cells after the necessary
duration of the killing assay. Finally, with adapted cytometric
parameters, satisfactory results were obtained by using EthD-
1, in contrast to the ¢ndings of Haugland [30], who stated that
onlymammalian cells could be stainedwith that dye.
The described assay, in contrast to previous investigations
[1^7,31], focuses only on the presence of the di¡erent £uores-
cent signals in the speci¢c tests rather than on the quantity of
the detected £uorescence. Therefore, no statement could be
made about a possible correlation between the degree of parti-
cle uptake and the degree of DHE oxidation. The reason for
this is the use of living microorganisms, which, in contrast to,
for example, latex particles, makes a calibration impossible.
This is due, on the one hand, to the fact that the staining capa-
city of living microorganisms is a priori variable, and on the
other hand, to the fact that the signal may vary as a conse-
quence of di¡usion of the dye or morphologic changes of the
cells during the assay.
A typical feature of cyto£uorometric investigations is the
high statistical signi¢cance of the results obtained. For every
single evaluated parameter we measured about 5000 PMNs.
The intra-assay variation of the results is around 1^2%,
obtained by investigation of six samples of the same donor,
which were independently processed in parallel. The inter-
assay variability of a single donor amounts to 5^10% between
10 blood samples investigated over a period of 4weeks and is
therefore normally signi¢cantly larger than the intra-assay
variability. Concerning the phagocytosis, burst activity and
killing, the inter-assay variations of 10 di¡erent donors were
about 7^14% [8]. It seems that individual variability in£uences
the kinetics of the reaction as well as the end results.
For investigations with bacteria, an optimal target cell/
PMN ratio of 50 : 1 had to be used. Furthermore, it proved
necessary to perform incubation with the bacteria at 30 C
instead of 37 C, because at 37 C the immune reaction with
staphylococci is too fast to obtain optimal kinetics. Despite the
lower incubation temperature the assay with S. aureus still
showed a quicker increase and a nearly two-fold higher ¢nal
percentage of phagocytically active PMNs.The percentage of
ingested microorganisms also showed a quicker increase with
bacteria with similar ¢nal results for both microorganisms.
These results might be due to the higher target-to-e¡ector cell
ratio and the resulting higher frequency of collisions between
bacteria and PMNs. Furthermore, phagocytes can also ingest
more than one yeast, and therefore the maximum achievable
proportion of phagocytosing PMNs is already, on a statistical
basis, lower when using a PMN/yeast ratio of 1: 1. In addition,
the smaller cell size of bacteria may accelerate the phagocyto-
sis, and with that the percentage of phagocytosing PMNs as
well as that of ingested staphylococci.
In contrast to previous assays [5^11], which determined the
decrease of the non-phagocytosed target cells, we performed a
direct measurement of the ingested microorganisms. The
advantage is that perturbation of the measurement by debris is
excluded. Investigation of the percentage of PMNs displaying
oxidative burst activity after phagocytosis revealed a quicker
increase and much higher ¢nal results using yeasts. A possible
explanation might be the fact that C. albicans is exclusively
killed by the oxidative burst [32], and other toxic substances
tend to play no role [33]. However, the lower incubation tem-
perature usedwith bacteriamight possibly a¡ect the burst pro-
duction, but, on the other hand, the fast kinetics of
phagocytosis at the same temperature indicate that this may
not be the only reason. UsingCandida, the kinetics for the oxi-
dative burst-producing PMN correspond to those of ingested
yeasts (Figure 3A). This implies that, after phagocytosis of
yeasts, nearly all PMNs start the production of oxygen-depen-
dent toxic substances, while after ingestion of bacteria, even if
the oxidative burst takes place, the more important part of the
destruction of target cells is mediated by non-oxygen-depen-
dent mechanisms. This view is supported by the ¢nding that
the percentage of dead microorganisms showed a quicker
increase and slightly higher ¢nal results for staphylococci. An
additional explanation for these results lies in the observation
of other authors [34,35] that, in contrast to bacteria, yeasts are
not damaged in plasma, but onlywithin phagocytes.
Our ¢ndings demonstrate the necessity of the simultaneous
determination of all the investigated parameters and the
importance of di¡erent target organisms to obtain objective
results.
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